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Cyclodextrins are a class of cyclic oligosaccharides with a
variety of applications, including use as recognition
components for low molecular weight molecules in methods
of detection. These cycloamyloses are of special interest in
mycotoxin analysis for enhancing spectroscopic properties of
several mycotoxins under aqueous conditions, including
aflatoxins, zearalenone, ochratoxin A, and through chemical
derivatization, T-2 toxin. Spectroscopic studies and
applications of cyclodextrins are frequently associated with
inclusion complex formation. Theoretical modeling studies
suggest cyclodextrin-mycotoxin interactions are influenced by
the size and nature of the mycotoxin and favorable binding
energies. The results provide a better understanding of the
effectiveness and limitations of incorporating cyclodextrins
into mycotoxin analysis.
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Introduction

A broad range of approaches are applied to prevent and control natural
mycotoxin contamination of agricultural commodities. The effectiveness of
these approaches is determined by accurate analysis of toxin levels and
validation of methods of detection (7-4). Concern over mycotoxin
contamination levels has spurred development of new detection methods to
improve accuracy, sensitivity, time, and selectivity. Several materials capable of
improving mycotoxin analysis are based on selective recognition of analytes,
and these materials have been successful in a variety of detection formats,
including ELISAs, selective affinity columns (immunoaffinity), and test strips.
In addition, inherent properties of the toxins, such as fluorescence, permit
improvements in detection levels and selectivity. Less selective materials,
including cyclodextrins, offer a general means to improve detection. The use of
cyclodextrins in mycotoxin analysis has focused on spectroscopic phenomena,
as well as size exclusion (5-7). This manuscript reviews recent developments in
the use of cyclodextrins for mycotoxin analysis, and examines the parameters
important for application of cyclodextrins in mycotoxin detection.

Cyclodextrins: General Overview

Cyclodextrins are cyclooligosaccharides consisting of six to eight
glycopyranose units connected through a-(1,4) linkages (§). These
cycloamyloses are synthesized enzymatically from degraded starch (7, 8).
Cyclodextrins are of particular interest as “generic” receptors for the ability to
form guest-host complexes with their cavities. Similarities between
cyclodextrins with six (a-), seven (B-), and eight (y-) glucopyranose subunits
include a “C, conformation, a face possessing all 6-hydroxymethyl substituents,
and a large rim with secondary hydroxyl groups in the 2- and 3- positions.
Noteworthy differences between a-, B-, and y- cyclodextrins are solubility and
cavity volume, with the larger cyclodextrins possessing larger cavities. It is of
interest that higher concentrations of cyclodextrins can form more complex
structures (9).

Properties of cyclodextrins can be tailored through chemical derivatization,
however, this approach is complicated by similar reactivity of dozens of
hydroxyl groups. Despite the lack of diverse functionality, moderate selectivity
can be achieved by exploiting the difference in chemical reactivity attributed to
the three positions of the hydroxyls in the glucopyranose subunit (/0). The 6-
hydroxymethy] substituents can be selectively modified by reactions limited to
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Figure 1. Structure of f-cyclodextrin and 2,6-dimethyl--cyclodextrin (DIMEB).

primary hydroxyls. Selectivity between the 2-hydroxyls and 3-hydroxyls can be
achieved by the increased acidity of the 2-hydroxyls and the influence of the
cooperative hydrogen bond network (/0-7/2). Mixtures of cyclodextrin
derivatives have found utility in analytical methods. One of the most popular
derivatives is heptakis(2,6-di-O-methyl)-p-cylodextrin, DIMEB, which occurs
as a mixture of cyclodextrins substituted with methoxy groups in various 2- and
6- positions (see Figure 1). The methylation increases solubility compared to -
cyclodextrin, and is capable of greater enhancement of fluorescence intensity
for several mycotoxins under certain conditions (5, /3).

Recent Applications of Cyclodextrins in Mycotoxin Analysis

Cyclodextrin-induced fluorescence enhancement of mycotoxins provides a
general mechanism for selective detection by utilizing the hydrophobic cavities
of cyclodextrins to overcome the fluorescence quenching properties of water
(14). Applications of cyclodextrins in mycotoxin detection include recognition
materials in chromatographic separations, additives to growth media to enhance
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qualitative assessment of toxin presence, and modulators of quantitative analysis
of mycotoxins. These types of mycotoxin-related uses have been reviewed (5-
7); however, several recent developments are noteworthy.

Aflatoxin production by Aspergillus species can be monitored in growth
media within the timeframe of three to ten days by cyclodextrin-assisted visual
detection (15, 16). A fiber optic room temperature phosphorescence method has
been developed for aflatoxin detection in growth media using B-cyclodextrin and
the surfactant sodium deoxycholate (/7). The fiber-optic based method reduced
the time for detection of aflatoxins in culture medium to within 36 hours.
Aflatoxin M, contamination of Slovenian milk and cheese has been detected
using culture media supplemented with methyl-B-cyclodextrin (/8, 19). In
addition, a method has been developed to detect Aspergillus species from
Iranian pistachios using PCR-based techniques coupled with methylated-B-
cyclodextrin-assisted fluorescence detection in growth media (20).

Aflatoxin B; in wheat can be detected by use of second order standard
addition methods on the cyclodextrin-assisted fluorescence spectra with minimal
sample preparation (27). The effectiveness of cyclodextrins to improve the
detection limits of aflatoxin M, in milk has been studied by a rapid screening
method using a photomultiplier tube detector (22). The instrument is capable of
detecting aflatoxin M, in milk at 50 ppt without cyclodextrins, and inclusion of
cyclodextrins enhanced the detection levels by ~50%. Fundamental studies
probing the induced fluorescence enhancement properties of several surfactants, -
B-cyclodextrin, and calixresorcinarenes have been carrled out on aflatoxins By,
Bz, G], and G2 (23)

The inclusion phenomenon of mycotoxin-cyclodextrin complexes has been
investigated using computational modeling methods (24). Study of the
fluorescence enhancement of aflatoxin B; by spectroscopy and molecular
modeling identified a 1:1 relationship for the guest:host complex (25).
Interactions of B- and y- cyclodextrins with aflatoxin ‘B;, zearalenone, and
ochratoxin A were investigated by an analysis developed for hydropathic
interactions of proteins and protein-ligand interactions (26, 27). Quenching
effects of water on aflatoxin B, fluorescence were studied using time dependent
density functional methods (28).

It is clear that the binding interactions of cyclodextrins are more
complicated than simple stoichiometric relationships and detection-enhancing
phenomena are influenced by the structures of toxin and cyclodextrin. A closer
look at the interactions of zearalenone using both fluorescence spectroscopy and
molecular modeling can shed light on the merits and limitations of the use of
cyclodextrins in mycotoxin analysis.  Herein, we report fluorescence
spectroscopic  studies of the interaction of zearalenone with popular
cyclodextrins B-cyclodextrin and DIMEB. Furthermore, to gain insight into the
interactions of cyclodextrins and mycotoxins, semi-empirical studies were
carried out on complexes of cyclodextrins with zearalenone, zearalenone analog
resorcylic acid, aflatoxin B;, ochratoxin A, and T-2 toxin. The structures for
zearalenone 1 and aflatoxin B, 2 are shown in Figure 2. The resorcylic acid 3
and coumarin 4 moieties are associated with the fluorescence of these
molecules. Fluorescence of ochratoxin A 5 (see Figure 3) is related to the
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dihydroisocoumarin 7 moiety, and detection of T-2 toxin 6 by fluorescence is
possible through chemical derivatization with pyrene 1-carbonyl cyanide, 8.

OH O
(0]
HO |
0]
1
OH O (0]
OH O |
HO
3 ‘ 4

Figure 2. Structures for zearalenone (1), aflatoxin B, (2), resorcylic acid (3),
and coumarin (4).

Figure 3. Structures for ochratoxin A (5), T-2 toxin (6), dihydroisocoumarin
(7), and pyrene 1-carbonyl cyanide (8).
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Materials and Methods

All chemicals and reagents were purchased from Sigma-Aldrich Company
(St. Louis, MO, U.S.A.). Heptakis(2,6-di-O-methyl)-B-cylodextrin (DIMEB)
was used as the mixture provided. Deionized water was used for the preparation
of all reagents (Nanopure 11, Sybron/Barnstead). All solvents were HPLC grade.

Fluorescence Spectroscopy Fluorescence spectra were recorded on a Varian
Cary Eclipse (Palo Alto, CA, U.S.A.) instrument in a 10 x 10 mm quartz cell.
The zearalenone fluorescence intensity was measured at 460 nm after excitation
at 270 nm. All experiments were recorded using a 5 nm slit width. Solutions
were incubated for five minutes prior to analysis. Experiments were carried out
at room temperature 22-26° C.

Molecular Modeling Calculations were carried out using Parallel Quantum
Solutions (Fayetteville, AR, U.S.A.) hardware and software v3.2 (29). Initial
structures were built using the HyperChem 7.52 program (Gainesville, FL,
U.S.A.) and PM3 semi-empirical method (30). Geometry optimization was
performed on delocalized internal coordinates using the Eigenvector Following
Algorithm with the convergence criteria set at 1 x 10 Hartree and a gradient of
less than 3 x 10 a.u. Carbon atoms are displayed in grey, oxygen atoms in
black, and hydrogen atoms in white.

Data Analysis Data were analyzed using OriginPro v7.5 SR6 Software
OriginLab Corporation (Northampton, MA, U.S.A.). Experimental results were
fitted with linear and sigmoidal regression functions.

Results and Discussion

Influence of Cyclodextrins on Fluorescence of Zearalenone,

The effect of various cyclodextrins on the fluorescence intensity of
zearalenone (10 uM) over pH values of 4 to 10 (100 mM sodium phosphate
buffer) is depicted in Figure 4 for a-, B-, y-cyclodextrins and DIMEB. It is
noteworthy that a-cyclodextrin, with its smaller cavity, does not significantly
enhance zearalenone fluorescence, and B-cyclodextrin exhibits the greatest
enhancement of the unsubstituted cyclodextrins. DIMEB has the most
significant fluorescence enhancement at the concentration studied (10 pM
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" Figure 4. Effect of pH on fluorescence enhancement of zearalenone by
cyclodextrins (100 mM sodium phosphate).

zearalenone, 1 mM cyclodextrin). Zearalenone fluorescence is quenched at
higher pH. Starting at pH 8, fluorescence intensity is decreased for zearalenone
in the presence of all cyclodextrins studied.

The influence of B-cyclodextrin and DIMEB concentration (0.01 mM and 1
mM) on the corrected fluorescence .(F-Fy) of zearalenone is displayed in Figure
5. The fluorescence intensity of 10 uM zearalenone is dependent on
cyclodextrin structure and concentration for concentrations up to 0.5 mM.
However, at cycodextrin concentrations higher than 1 mM, B-cyclodextrin and
DIMEB exhibit similar fluorescence-enhancing properties for 10 puM
. zearalenone. The implications of this dependence of fluorescence intensity
. enhancement on cyclodextrin concentrations should be an important
consideration in the analysis of structure-activity relationships involving
zearalenone and cyclodextrins.

Frequently, cyclodextrin structure-activity relationships are characterized as
ratios of normalized emission intensities of an analyte at a single cyclodextrin
concentration. The normalized emission intensities of zearalenone for several
concentrations of cyclodextrins in sodium phosphate buffer (100 mM, pH 7.0)
are shown in Table 1. For an equal concentration of cyclodextrin and
zearalenone (10 pM), the ratio for normalized emission intensity is 3.6.
However, as the concentration of cyclodextrin increases, the effect of the
structure-activity relationship decreases for a comparison of DIMEB to -CD.
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Figure 5. Influence of [CD] on fluorescence enhancement of zearalenone (1 0 ,
uM zearalenone, pH 7.0).

Table 1. Dependence of normalized emission of 10 pM zearalenone at
various concentratlons of cyclodextrms

[CyclodeXtri_n] _ F/Fg Zearalenone P S
.(mM) | - BCD DIMEB DIMEB/ g-CD
0.01 - 2T . 9.6 3.6
. 0.05 ' 7.9 : 19.6 - 2.5
0.10 _ 11.7 : 23.8 2.0
05, . L0228 - 26.8 12
1.0 23.8 275 1.2

3.0 B - 279 27.9 1.0

‘The 'sp‘ec‘troﬂuorimetric studies of the interaction of cyclodextrin with
zearalenone can be analyzed by Scatchard plot analysis (see Figure 6):
(F-Fy
- [CD]

= (F, - F)K - (F- FK
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Figure 6. Scatchard plot of (F-Fo)/{CD] vs. F-F, for zearalenone in the
presence of B-cyclodextrin and DIMEB (3 uM zearalenone).

Where F is the fluorescence intensity of the zearalenone:cyclodextrin complex,
F, is the fluorescence intensity of free zearalenone, F,, is the fluorescence
intensity when all zearalenone is complexed with the cyclodextrin, and X is the
association constant (3/-33). Scatchard plot analysis is a popular method to
elucidate binding interactions and applicable to a broad range of binding
phenonoma. Furthermore scatchard plot analysis provides similar results to the
Benesi-Hildebrand analysis commonly applied to study cyclodextrin- guest
“inclusion complexes (31,.32). The linearity of the (F-F,;)/[CD] vs. F-F, plot
indicates zearalenone forms a 1:1 complex with p-CD and DIMEB. Solving the
equation gives a binding constant of 6,800 M*l for B-CD and 47,100 M~ ! for
DIMEB. ,

Molecular Modeling Studies

Energetics and structural information of mycotoxin:cyclodextrin complexes
were carried out using the PM3 semi-empirical method. It should be noted that
PM3 calculations are limited in accuracy for certain types of hydrogen bond
interactions compared to computationally expensive ab initio calculations (34).
However, PM3 methods have been effective in the study of supramolecular
inclusion complexes (35-37). Calculated parameters for the mycotoxin-
- cyclodextrin interactions are given in Table 2. The interaction energies
associated with the heat of formation are calculated by:

AE = ECompIex - (EMycotoxin + ECyclodexlrin)
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Where  Ecomper is the heat of formation energy of the
mycotoxin:cyclodextrin complex, Eigcororin aNd Ecyciodesrin are the energies for
the free molecules, and AFE is the stabilization energy. The value y is the dipole
moment of the mycotoxin-cyclodextrin bound complex.

Results presented in Table 2 offer some interesting insights into mycotoxin-
cyclodextrin interactions. First, complex formation is driven by negative
changes in energies for the mycotoxins investigated. Secondly, considerable
variation exists in dipole moments, g suggesting that the mycotoxin has
significant influence over the electronic effects of the bound complexes. Lastly,
comparing AE of B-CD to DIMEB complexes of zearalenone and aflatoxin B,
methylation lowers the energies of interactions of complexes suggesting the van
der Waals interactions between DIMEB and the mycotoxin are important
binding interactions. . :

Several mycotoxins are capable of forming multiple complexes with B-CD.
Two orientations were identified for the zearalenone:cyclodextrin inclusion
complex. The most favorable complex for zearalenone and the fluorescent
derivative of T-2 toxin is with the fluorophore outside of the cavity, suggesting
that binding interactions are more complex than exclusive
fluorophore:cyclodextrin complexation. Through fluorescence spectroscopic
studies it has been determined that the T-2 toxin pyrene derivative forms a
complex with two cyclodextrins (5).

Table 2. Calculated parameters of mycotoxin-cyclodextrin interactions

OTA:B-CD

phenyl

-8.91

Cyclodextrin  Inclusion AE H
Complex Moiety (keal/mol) (Debye)
Zearalenone

ZEN:B-CD resorcylic acid -8.34 2.48
ZEN:B-CD ketone -19.44 2.67
ZEN:DIMEB  resorcylic acid -11.82 2.95
Resorcylic acid .

RA:B-CD resorcylic acid -5.71 2.02
RA:DIMEB resorcylic acid -7.85 2.84
Aflatoxin B,

AFB;: -CD coumarin -12.77 3.12
AFB,;: B-CD dihydrofuran -8.97 4.06
AFB;: DIMEB coumarin -14.84 3.42
-T2-pyr

T2-pyr:DIMEB  T2-toxin -30.25 3.37
T2-pyr:DIMEB pyrene -20.87 2.48
Ochratoxin A

4.39
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Conclusion

The inclusion complexes of zearalenone and B-CD and DIMEB have been
investigated by fluorescence spectroscopy and molecular modeling.
Computational results were compared to cyclodextrin complexes of aflatoxin By,
a pyrene derivative of T-2 toxin, and ochratoxin A.  Structure-activity
relationships for fluorescence spectroscopic studies of zearalenone with
cyclodextrins are dependent on the type of cyclodextrin and pH. Theoretical
calculations suggest that mycotoxins can interact with cyclodextrins in multiple
binding modes and stabilization of the mycotoxin:cyclodextrin complex is
associated with favorable interactions between the toxin and cyclodextrin.
Other types of -binding forces are likely to contribute fo complex formation,
including hydrophobic forces, conformational strain relief, and entropically
favorable release of water from the cyclodextrin cavity (24). These results
provide insight into the interaction of mycotoxins and cyclodextrins, and may
assist in further applications of cyclomaltoses in methods of detection.
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